Abstract-A two-way method to simultaneously transfer an ultra-stable optical frequency and an accurate timing over a fiber links is presented. The ultra-stable laser acts as frequency standard and as carrier for timestamps. Timestamps signals are encode by phase modulation with a spread spectrum pseudorandom modulation at 20 Mchip/s, provided by a pair of two-way satellite time transfer modems, one for each direction.
I. INTRODUCTION
Ultra-stable optical fiber links have been successfully developed for 5 years enabling precise and accurate frequency transfer. The fractional frequency stability experimentally demonstrated is in the range of 10 -18 after only 3 hours of measurement and frequency accuracy of a few 10 -19 . Last year ground-breaking frequency transfer has been demonstrated on a record distance of 920 km on dedicated fiber [1] . Fiber links techniques were extended in our joined group to public fiber networks with simultaneous data traffic, providing a scalable technique at the continental level [2, 3] . Fiber links with active noise compensation after a round trip demonstrated much more stable and accurate frequency comparisons than satellite-based frequency comparisons, achieved after a much shorter averaging time. This gives a tool for accurate remote clock comparisons, as modern atomic clocks having already demonstrated accuracy in the range of 10 -16 or below [4] [5] [6] [7] [8] . This technique can also play a key-role in advanced timefrequency metrology and for advanced tests of fundamental physics [9] . Accurate frequency comparisons are essential for modern geodesy, high resolution radio-astronomy, and particle physics.
Not only frequency transfer but also accurate timing is important as it gives the ability to precisely synchronize distant experiments or distant detectors. A salient case is the neutrinos speed measurement from CERN to Gran Sasso. Fiber-optical two-way time transfer methods have been demonstrated on dedicated links with an accuracy of the order of one hundred of ps or better [10, 11] . Long distance accurate time dissemination is usually based on GNSS signals, or geostationary telecommunication satellites, with timing Fig. 1 accuracy of the order of 1 ns in the best case [12, 13] . In this work we present a novel method based on two-way transfer method, to simultaneously disseminate an ultra-stable optical f r e q u e n c y a n d a c c u r a t e t i m i n g o v e r a p u b l i c telecommunication network. The link is 540 km long, and carry simultaneously our signals on a dedicated "dark" channel and Internet data traffic on the other channels.
II. EXPERIMENTAL SET UP

A. Link architecture
At start our method exploits an ultra-stable laser at 1542 nm to carry both the frequency information as shown in Ref [3] and the time stamps. The 540 km-long optical link (LPL-Reims-LPL) depicted in Fig. 1a is identical to the one reported in [3] . The timing signal is encoded through optical phase modulation. The scheme of the experiment is shown Figure 1b . Both ends of the links are located at the laboratory (Laboratoire de Physique des Lasers (LPL)). The French National Research and Education Network (NREN) RENATER give us access to the fibers of their network and allow us to set up our own equipment on the lines. The optical link is composed of five different fiber spans. Each span consists of two identical parallel fibers. The third, fourth and fifth spans are long-haul intercity links simultaneously carrying internet data traffic. Optical Add-Drop Multiplexers (OADMs) enable to add and drop the science signal in or from the telecommunication fibers. Total end-to-end attenuation for the 540 km link is 165 dB. 6 bi-directional amplifiers amplify the science signal by about 100 dB, so that the net optical losses exceed 65 dB. Figure 1b shows the hybrid time comparison and ultra-stable optical frequency distribution system. The detailed description of the ultra-stable optical frequency dissemination is given in [3] .
B. Frequency transfer
As it was largely described elsewhere [2, 3] , we briefly remind the reader about the operation of the optical ultra-stable frequency transfer: The frequency signal consists of the frequency of an ultra-stable cavity-stabilised laser, which is partially coupled into the optical fiber. After a round trip propagation through the optical link, the fiber propagation noise is detected with an unbalanced Michelson interferometer where the returning back signal beats with the input signal. The phase noise is compensated by applying corrections with an Acousto-Optical Modulator (AOM) operated around 40 MHz. For the sake of simplicity we gather all error signal processing functions into a symbolic box called Optical Phase Correction (OPC). At the far end of the link the optical signal is regenerated by a narrow linewidth laser (3 kHz), phase-locked on the incoming light, and frequency-offset by 79 MHz. The optical frequency transfer stability is obtained by measuring the optical beat-note between the ultra-stable laser from the LOCAL subpart and the phase locked laser in the REMOTE subpart.
C. Accurate Timing transfer
Concerning time transfer, signals are provided by a pair of two-way satellite time transfer modems [15] . The transfer modems generate a pseudorandom noise modulation code at 20 Mchip/s carried on a radio frequency carrier around 70 MHz, that is related to the one-pulse-per-second (1 pps) and 5 MHz reference signals from a common clock. Orthogonal specific pseudo-random codes are allocated to each modem device. These equipments correlate the received signal with a local replica of the signal expected from the transmitting site and measures the time of arrival of the received signal with respect to the local clock. The time of arrival of both modems are collected by a computer. The data are then processed to compute the differential time delays.
We choose a low-index phase-modulation on the optical carrier to encode the time signal, so that enough energy is kept on the carrier and the signal-to-noise ratio is preserved for frequency transfer. Phase modulation is done at each link end with fiber pigtailed electro-optical modulator (EOM) exhibiting 4 dB insertion loss. The RF carrier frequencies are shifted shifted by 300 MHz, in order to avoid interference between optical signals and to enable efficient filtering of the time comparison signals. The low modulation depth (~1%) and the spread spectrum nature of the modulating time signals lead to a very pure optical spectrums, so that the optical frequency is transferred almost without degradation. The time signals are extracted by a second optical heterodyne beat-note of the local laser with the incoming signal at each link end, shifted in frequency. After successive frequency mixing and filtering the spread spectrum time signals are processed by the modems. Considering the frequency width of the pseudo-random codes (~20 MHz) and the large dynamic range of the signals in the detection system where parasitic signals are 40 dB larger than the useful signal, the RF processing of the signal is not trivial and require high performance filters and cautious operation.
III. RESULTS
The frequency transfer stability and the timing stability/ jitter were simultaneously measured and are plotted in Fig. 2 . The frequency stability of the link reaches a resolution of 2x10 -18 at 30 000 s averaging time, which is almost identical to the one reported in [3] . The accuracy of the frequency transfer is about 2x10 -18 . The time stability exhibits a noise smaller than 20 ps over the whole measurement time period.
We proceed standard calibration techniques to estimate the contribution of the varying delay of propagation to the uncertainty budget [15] . As the fiber optical length is unknown and fluctuates over time, a rigorous calibration test is indeed needed to guarantee the independence of the system from the optical fiber length. The propagation length was changed by short-cutting the links in the accessible places. We vary the link length from 10 m to 94 km, 400 km and the total length of 540 km. We measure that the differential time delay variation versus distance is at most 50 ps. We also performed several tests of disconnection/connection, power shutdown and restart without measuring appreciable time delay variation. Tests on fiber spools of 25 km, 50 km, 75 km and 100 km are consistent with the above reported results. A variable optical attenuator was inserted into the common fiber path in order to keep the overall link attenuation approximately constant within ±2 dB. The delay variations in the modems depending on the variation of the received power were thus reduced. We checked experimentally the system sensitivity by changing the power of the signals from the optical detection up to the modem input. As long as the modems are operated in their optimal conditions (i.e. low input power level), the system shows a coefficient dependencies below 15ps/dB.
Fiber chromatic dispersion (FCD) play here a very little role as the frequency difference between the two counterpropagating time signals is very small. For instance FCD contribution for 300 MHz frequency difference between the 2 ways and for the 540-km link is below 25 ps. Polarisation Mode Dispersion (PMD) contributes also to the uncertainty budget. Derived from previous telecommunication fiber network characterization we estimates the timing fluctuations due to PMD well below 20 ps. This was confirmed by experiment by varying the input polarization state with Lefevre's three-loop rotating wave plate. We did not observe any significant variation within a measurement resolution of 50 ps. As both time measurements are collocated in this experiment, the set-up is not sensitive to the Sagnac effect and its contribution is therefore void.
The preliminary conservative accuracy budget we achieve with this experiment is 250 ps. The results is mainly dominated by scarce phase jumps of about 50-80 ps we observed on the datas. They can be related related to the propagation in the long-haul Internet fiber link, dysfunction of the SATRE modems, or uncontrolled effects within the RF processing chain. Additional tests performed by replacing the long-haul link with fiber spools did not reveal any phase jumps over several days of measurements. Despite efforts on the analysis and several trials to fix it, and due to their random and rare statistics, the cause of such behavior is not yet understood. The system is nonetheless quite robust : in addition to the results presented in Figure 3 , we have several runs of about one week for which the peak-to-peak time fluctuations are below 200 ps while one-way fluctuations are in excess of 10 ns. The results in terms of timing stability and accuracy clearly outperform the satellite techniques [12] . Such technique can be extended to a wider range, in the case of slightly lower fiber losses and better distribution of the optical amplification. We believe that this method of accurate time transfer can be also extended to segmented optical links by the use of intermediate optical regeneration stations [2, 3] which include RF signal processing techniques and station delay calibration procedures. Our method can be improved for example by developing new modems with wider pseudorandom codes. For a solely time transfer, the ultra-stable laser is not needed and the scheme proposed here can be drastically simplified. We point out finally that the use of heterodyne detection allows operation with very large optical losses, for which classical Intensity Modulation (IM) techniques are ineffective. This method has been proven to be applicable to non-dedicated fiber and installed long-haul fiber links carrying Internet data, opening the way to frequency and time dissemination on a continental scale via NRENs and european counter-part that could be used for that purpose.
